This paper discusses the influence of HVDC control loops on the dynamic stability of overall HVDC-HVAC system. The eigenvalue decomposition is used for the analysis of system stability, in the frequency range below 100Hz. The use of direct current and fast power feedback at the rectifier side of the system, are analysed and compared. It is found that DC feedback actually deteriorates the system stability around the first harmonic. At inverter side, as the commonly used control strategies, constant beta control is analysed and compared with gamma minimum control, direct current feedback and direct voltage feedback. Also reactive current feedback and CCCM control methods are analysed as alternative control techniques suggested in the literature. Reactive current feedback is found to be the best control strategy from the stability point of view. The test system used is assumed to operate with weak and very weak AC systems at inverter side.
INTRODUCTION
This paper analyses the dynamic influence of the most often used HVDC control loops, as well as some of the alternative control strategies suggested in the literature. The small signal stability of the system in the frequency domain (on DC side) is of the primary interest in this analysis. The fastest control loops are investigated with the master control level assumed inactive. The primary aim is to study the role which the existing HVDC control loops play in the development of some of the reported operating difficulties. It will be studied whether the conventional control logic improves the system stability, or in contrary whether it accelerates the development of (harmonic) instabilities. A few of the unconventional HVDC control algorithms discussed in the literature but not yet commonly used in practice, will be also dynamically analysed and their benefits compared with those of the traditionally used control strategies.
f < 100Hz
The rectifier side of an HVDC link, in the conventional control logic, is responsible for maintaining the power transfer at the required level. To maintain this task, direct current feedback with dominant integral action, is often used [1] . The current control at rectifier side will ensure a "stable" intersection point with the voltage controlling inverter on the static V-I curve. The actual dynamic effect of the DC feedback loop, on both the DC system and the connected AC system, in the whole frequency range, has not been well analysed in the available HVDC literature. It will be shown in this paper, that direct current feedback at rectifier side plays an important role in the development of second harmonic instability. In the case of low SCR AC system connected to the HVDC system, the direct current feedback also significantly changes the stability margins of the overall HVAC-HVDC-HVAC dynamic system. Reference [2] suggests the use of fast (DC) power feedback at rectifier side. Most of the arguments for this control loop are based on the static V-I HVDC characteristic, whereas the small-signal stability analysis is not offered in the reference. The direct current and fast power feedback lops will be compared in this paper from the dynamic point of view by using the eigenvalue decomposition analysis.
The inverter side of an HVDC link is often in the constant extinction angle control mode [1] . This control mode has been chosen to enable minimum reactive power consumption at inverter side, and it is not intended for actual system stability improvement. The constant firing angle operating mode at in-verter side has been labelled as a "more stable" mode since it offers a "stabilising" positive slope on static V-I operating curve[1] [3] . If the inverter firing angle is used as an additional control input, there are numerous feasible feedback control strategies and a wide possibility for system stability improvement. Ref-
erence [4] elaborates that direct current feedback or direct voltage feedback are sometimes used at inverter side for system stability improvement. These feedback loops are introduced on the basis of a more stable, positive slope on the inverter static curve. A strong recommendations or critiques for these feedback loops, depending on the system parameters and operating conditions can not be found in the references. It will be shown in this paper that both direct current and direct voltage feedback are vulnerable to oscillatory instabilities in a certain frequency range, depending on the system characteristics.
The most influential alternative control strategies at inverter side were reported in [2] and [5] . Reference [2] proposes, the use of fast power feedback at inverter side. This control method (CCCM control)
consists of the direct voltage and direct current feedback, similarly as to the rectifier side, except that the positive voltage feedback is used at inverter side. Reference [5] suggests the use of reactive current feedback (CRC control method) as a result of study of ∆Q/∆V ratio. The alternative control techniques mentioned above, will be dynamically analysed in this paper and compared with conventional control logic.
The small signal analysis of the system control loops, as offered in this paper, is important from several aspects:
• It indicates the possible dynamic instabilities.
• It offers insight into the system disturbance rejection and speed of response.
• The eigenvalue sensitivity analysis indicates the system tolerance to the parameters changes.
The results and conclusions from this analysis are expected to assist in understanding the negative side of HVDC-HVAC interactions and can help in selecting the proper control strategy when the connected AC-DC systems are naturally bound to cause operating problems. The special emphasis will be placed on the operating problems caused by the second harmonic resonance and low SCR AC systems.
SYSTEM MODEL
The main reason for poor background on the HVDC-HVAC dynamic analysis is the lack of a suitable analytical system models. Most of the previously used analytical models have been either dynamically oversimplified (neglecting AC system dynamics) or they did not include important aspects of HVDC-HVAC interaction phenomena.
The analytical model used in this paper is presented in [6] . The model is linear-continuous, developed primarily for the small-signal study of HVDC-HVAC interactions. It includes the dynamic models of the DC system, the two AC systems and the Phase Locked Loops (PLL) on both ends of HVDC link. All AC-DC interactions are modelled in detail, based on the known interaction equations [1] . The AC and DC systems are joined using the Park's transformation. The model fidelity tests against PSCAD/EMTDC simulation have shown adequate response matching for all DC and AC variables, in the frequency range of interest. The model is of 45 th order, however only a subset of the most important eigenvalues will be considered in this paper.
The test system used for the analysis is the CIGRE HVDC Benchmark system (Rec SCR=2.5, Inv SCR=2.5) [7] , shown in Figure 1 , and the results presented in this paper relate to this test system. The test system for the reduced SCR at inverter side is the modified CIGRE HVDC model (Rec SCR=2.5, Inv SCR=1.5) as proposed in [9] .
The rectifier side control loops will be compared against uncontrolled system, ie. the system with constant firing angles at both ends and no effective feedback control action. The inverter side control strategies will be compared against the system with constant firing angle at inverter side, and the usual direct current control at rectifier side. Therefore, the rectifier controller settings are fixed when the inverter controller loops are studied and vice versa. The values for controller gains, when they are fixed, are taken from [8] .
This paper analyses the influence of the main HVDC control loops, whereas the settings for Phase
Locked Loop (PLL) controllers are fixed (values are given in [8] ). The influence of PLL controller gains is analysed in [6] and [10] .
ANALYSIS OF RECTIFIER CONTROL MODES

Root locus analysis
This section analyses the direct current feedback and the fast power feedback, with the controller structure as shown in Figure 2 . The fast power feedback control strategy is taken from [2] , and it consists of negative voltage feedback and negative current feedback. Figure 3 shows the root locus with direct current and fast power feedback, where the gain "k" from Figure 2 is varied. Figure 3 a) demonstrates that direct current feedback can substantially improve the system stability in the lower and mid frequency range. Note that the frequency range, referred to DC side, is defined in this paper as: lower frequency f rad s < 120 / , mid frequency 120 , and higher frequency . In the higher frequency range the DC current feedback negatively affects stability of the overall HVDC-HVAC system.
It is evident that the dominant oscillatory mode moves right, and it becomes unstable for higher gain values (shown by branch "d"). If the dominant oscillatory mode is close to the first harmonic (DC side), the well known second harmonic instability will occur. Therefore, the DC current feedback loop will actually accelerate the development of second harmonic instability (also core saturation instability). The second harmonic instability has been traditionally viewed as a result of unfavourable resonant conditions between AC and DC systems [11] , whereas very little has been elaborated about the role which DC current control loop plays in the development of the instability. The above analysis shows that the direct current feedback could have contributed towards development of second harmonic instability in the some of the practically experienced cases. The eigenvalues which lie on the longer root locus branch will be more sensitive to the controller parameters changes, and to the system parameters in general, as it is shown in the next section.
Eigenvalue sensitivity analysis
If the feedback gain is kept sufficiently low, the fast power feedback and direct current feedback can have similar position of dominant eigenvalues and consequently similar responses. However, since the eigenvalues for fast power feedback lie on the longer locus branch, these will be more displaced in the case of system parameters changes. Table 1 shows the sensitivity of dominant complex eigenvalues with respect to the rectifier AC system parameters ∂λ ∂ i jk a [1] . The three largest sensitivity elements are shown in the Table. It is seen that the dominant complex eigenvalues are much more sensitive to the system parameters when fast power feedback is used. From these results, it can be expected that fast power feedback will be more vulnerable to negative AC-DC interactions at second harmonic. Figure 4 shows the PSCAD/EMTDC simulation of possible instabilities with direct current and fast power feedback. It can be seen that both control strategies develop oscillatory instability with increased gains. Fast power feedback has somewhat higher frequency of dominant oscillations then DC feedback . Figure 5 shows the eigenvalues and root locus when the HVDC system is operating with very weak AC system at inverter end. By comparing the location of original eigenvalues in Figures: 3 a) and 5, it can be seen that reduction of SCR mostly affects low-frequency system dynamics, represented by eigenvalues "C" and "E" (the exact positions of these eigenvalues are shown in the Figures). It is also seen that DC feedback can significantly improve the low-frequency system stability (branch "g"), if the feed back gain is sufficiently high. Therefore, an increase in DC feedback gain could be considered as a possible countermeasure when the AC system SCR becomes reduced. The value of this feedback gain is however limited by positioning of dominant complex eigenvalues at higher frequencies (branch "d"). If there is no sharp resonant condition at higher frequencies, or if the action of DC feedback is corrected around the first harmonic (possibly by designing a more complex controller), the high gain DC feedback could substantially improve stability of the overall HVAC-HVDC-HVAC system even with very low SCR AC systems.
Weak AC system
ANALYSIS OF INVERTER CONTROL MODES
Analysis of conventional control loops
This section analyses and compares the inverter control strategies traditionally used in industry [1] . Figure 6 shows the inverter controller. The supplementary signal is direct current feedback or direct voltage feedback. Figure 7 shows the root locus with direct current and direct voltage feedback at inverter side. It is evident from Figure 7 a), that DC feedback can have negative influence at lower frequencies. The root locus crosses the imaginary axis around 15Hz, and because of the long root-locus branch "h", the corresponding eigenvalues will be very sensitive to the system parameters. Figure 8 shows the PSCAD/EMTDC simulation of this form of instability. The sign for DC feedback in use, is chosen to enable positive slope on the static V-I curve. This sign makes a negative feedback loop for the overall HVDC system. By considering the inverter converter alone, this sign corresponds to a positive feedback loop. If the sign is reversed, then the effect of direct current control loop is similar to that at rectifier side (Figure 3 a) ).
From Figure 7 b) it is seen that very little or no benefit is introduced with direct voltage feedback. The instability is possible at frequencies around 100Hz (branch "i"). We conclude from the above analysis, that a careful tuning of feedback gains is necessary if DC feedback or direct voltage feedback are used at inverter side. The stability improvement is possible only in a certain frequency range, whereas the system stability and system robustness become seriously degraded at some other frequencies.
The second column of Table 2 shows the location of zeros for the constant extinction angle control ( γ = const. ). The exact position of closed loop eigenvalues will be between the original eigenvalues and the zeros, depending on the feedback gain. It is seen that gamma constant mode deteriorates the system stability in the whole frequency range. This result is in agreement with conclusions about "less stable" negative slope on the static V-I curve. However as all zeros for constant gamma mode are in the left-half plane, and not far from the original eigenvalues, the system stability is only marginally degraded, without danger of actual dynamic instability.
Alternative inverter control strategies
The reactive current feedback, as proposed in [5] , and CCCM control method developed in [2] , will be analysed in this section.
The low-frequency root locus for reactive current feedback is shown in Figure 8 a) , whereas the influence at higher frequencies can be seen in Table 2 . The eigenvalues located on the branch "m" will always have improved damping, with the eigenvalues on the branch "l" having better location if the feedback gain is kept at lower values. More importantly, there are no right-half plane zeros with this feedback control, as shown in the third column in Table 2 .
The benefit of reactive current feedback becomes more pronounced when the AC system strength is reduced, as it is presented in the next section. The CCCM control method at inverter side consists of positive voltage feedback and negative current feedback. As it is seen from the low-frequency root locus (Figure 9 b) ), there is a possibility for instability around 6Hz (branch "k").
Although the improvement is evident at higher frequencies (Table 2) , the actual dynamic benefit of this control loop is not clear. If the sign is reversed (ie negative voltage feedback and positive current feedback) the effect is similar to that of direct voltage feedback alone (Figure 6 b) ). The root locus analysis have shown that this control strategy has similar dynamic effect as direct voltage feedback solely used.
Weak AC system
Reduction of SCR at inverter AC system affects mostly the eigenvalues marked "F" in Figure 10 , also located on the branch "g" in Figure 5 . It is shown in Figure 10 how these eigenvalues change position with different inverter control strategies. As it can be seen, direct current feedback and CCCM control method can develop instability at lower frequencies, if used with low SCR AC systems. Also, the dominant eigenvalues are very sensitive to the system parameters with these control loops. As an example, it is necessary to change controller gains only by a factor of two to move the eigenvalues form point "M" to point "N.
Although the direct voltage feedback is favourable at lower frequencies, it has strong negative influence at higher frequencies (similar to that in Figure 7 b) ). The reactive current feedback, on the other hand, can eliminate the dominant oscillatory mode without significant stability deterioration at higher frequencies. The reactive current feedback can be identified as the best feedback signal for the systems with very low SCR. Figure 11 shows the simulation response with CRC method. It can be observed that the low frequency oscillatory mode is eliminated with the new feedback control.
CONCLUSIONS
It has been shown that the use of direct current feedback control at rectifier side can significantly improve the system stability at lower frequencies, even with very weak AC systems at inverter side. However, at higher frequencies, this feedback loop has pronounced negative influence on the damping of dominant oscillatory mode. The use of fast power feedback makes the system still more vulnerable to the harmonic instabilities at higher frequencies.
At inverter side, the reactive current feedback is found to be the most favourable control strategy.
This control strategy also improves the system stability when the receiving AC system becomes very weak, without introducing any negative effects at higher frequencies.
If direct current feedback is used at inverter side the instabilities are possible at lower frequencies.
The use of direct voltage feedback can lead to the instability at higher frequencies. The CCCM control method is also found to be vulnerable to dynamic instabilities at lower frequencies. Original system Reactive current feedback Figure 11 . Inverter direct current response following a disturbance at inverter side.
